Introduction
The obligate human pathogen Streptococcus pyogenes , also referred to as group A streptococcus (GAS), causes superficial infections of both the skin and mucous membranes, e.g. impetigo or pharyngitis, as well as invasive phils. These structures accumulate histones and other antimicrobial peptides, and are found at sites of infection as well as in the bloodstream of animals with septic shock [6] , where they trap and kill microbes (review [7] ). However, extracellular histones are not only present in NETs but have also been detected in the secreted cocktail from human sebocytes that helps to protect against skin pathogens [8] .
Inducing the release of antimicrobial peptides and histones on the one hand, S. pyogenes has also developed many strategies to counteract this part of the immune response [9, 10] . Apart from expressing degrading enzymes, bacteria can also achieve the elimination of harmful immunopeptides by exploiting host proteases. In this context, S. pyogenes is known to utilize the human plasminogen/plasmin system. The serine protease plasmin circulates in human blood and plasma as inactive precursor that is bound and activated by GAS. Immobilized via plasminogen receptors on the streptococcal surface, plasminogen is prone to activation by its physiological activators, tissue plasminogen activator (tPA) or urokinase plasminogen activator (uPA). The conversion to the active enzyme form is accelerated by the secreted streptococcal virulence factor streptokinase [11, 12] . Further on, streptokinase is assembled on the GAS surface in a trimolecular complex containing streptokinase, fibrinogen and plasminogen [13] . Thereby, plasmin activity is generated on the streptococcal surface and involved in invasive spread by degrading fibrin clots, components of the extracellular matrix and antimicrobial peptides [11, 14] . It has been shown that plasmin cleaves histones in vitro [15] , and it is assumed that histones operate by disintegrating or penetrating the bacterial membrane [16, 17] . We therefore speculated that plasminogen acquisition at the streptococcal surface might serve as a survival strategy of GAS in an environment with high local concentrations of extracellular histones. To address this question, we examined the ability of purified histones from calf thymus (CTH) as well as recombinant single histones to inhibit the growth of a GAS M49 serotype strain with degradation before or after by plasmin or streptokinase-activated plasminogen.
Material and Methods

Bacterial Strains and Culture Conditions
The S. pyogenes serotype M49 wild-type (WT) strain 591 was received from R. Lütticken (Aachen, Germany). An isogenic-deficient mutant lacking streptokinase (Δ ska ) was previously generated by insertional inactivation of the ska gene with an antibiotic resistance cassette for spectinomycin [18] . Bacteria were cultured in Todd-Hewitt broth supplemented with yeast extract (THY) at 37 ° C in a 5% CO 2 and 20% O 2 atmosphere. When necessary, spectinomycin was added to a final concentration of 60 μg/ml.
Materials
Lyophilized human plasminogen and plasmin were purchased from Enzyme Research Laboratories (Swansea, UK) and SigmaAldrich (Steinheim, Germany), respectively, and dissolved in water or buffer to 1 mg/ml. Purified streptokinase from beta-hemolytic streptococci was acquired from Sigma-Aldrich and concentrated to 10 units per microliter of water. Human uPA and tPA were purchased from Haemochrom Diagnostica (Essen, Germany).
A mix of all histone subtypes from calf thymus as well as recombinant human histones H2A, H2B and H4, were purchased from Sigma-Aldrich. Purified histone H1 and H3 derived from calf thymus were obtained from Calbiochem (Billerica, Mass., USA) and Roche Diagnostics (Mannheim, Germany), respectively. Histones were dissolved in 10 m M Tris buffer (pH 7.4) and diluted to appropriate concentrations for each experiment. Human native nucleosomes purified from HeLa cell nuclei were purchased from Merck Millipore (Darmstadt, Germany). Fresh frozen citrated plasma samples from healthy individuals were obtained from the blood bank at Rostock University Hospital, Rostock. Plasminogen-depleted human citrated plasma was purchased from Haemochrom Diagnostica (Essen, Germany). Plasma was stored at -80 ° C until use.
Histone or Nucleosome Degradation and SDS-PAGE
Histone or nucleosome degradation was initiated in 10 m M Tris buffer (pH 7.4) by adding 1 μg plasminogen and 50 U purified streptokinase, or 1 μg plasmin to 100 μl (100 μg/ml) histones in a total volume of 106 μl. Histones exposed to buffer or either plasminogen or streptokinase alone served as negative controls. Nucleosomes (3.2 μg) were incubated in Tris buffer, with 0.3 μg plasmin or 16.6 U purified streptokinaseand 0.3 μg plasminogen at 37 ° C. Furthermore, 5 μl of S. pyogenes M49 overnight cultures in combination with plasminogen were added to histones and histone degradation was examined. If indicated, D-Val-Phe-Lys chloromethyl ketone dihydrochloride at a final concentration of 0.5 μg/ ml was used to inhibit free plasmin. In some experiments, 500 ng uPA or tPA were added. Degradation was allowed for up to 4 h at 37 ° C. Subsequently, sample volumes containing approximately 10 μg histones or 3 μg nucleosomes were mixed with sample buffer with 2% (w/v) and 5% (v/v) beta-mercaptoethanol, and subjected to SDS-PAGE. This method was performed as described by Neville [19] , using gels with 15% total acrylamide 3% bisacrylamide. Before loading, samples were boiled for 5 min.
Bactericidal Assays with M49 WT and Δska Mutant
Exponentially growing cultures (OD 600 = 0.3-0.4) of S. pyogenes M49 WT or Δ ska mutant were washed once with 10 m M Tris buffer and suspended in 10 volumes of fresh buffer; 60 μl of bacterial suspension was mixed with 60 μl histone solution of different concentrations. In order to examine the influence of plasminogen, albumin or plasma components, 200 μg/ml plasminogen, 35 mg/ ml albumin or 20% citrated human plasma (normal or plasminogen-depleted) was added to the bacteria and incubated for 15 min. Unbound plasminogen, albumin or plasma components were re-moved by an additional washing step, then histones were added to different concentrations. After incubation for 2 h at 37 ° C, serial dilutions were plated on THY agar. Bacterial counts were determined the next day. All results were related to a nontreated control.
Hemolysis Assay 1 ml citrated blood was centrifuged at 2,000 g and 4 ° C for 10 min; plasma was removed and replaced by 1 ml PBS. The washing step was repeated twice. Histones were diluted in PBS to 100 μg/ml in the presence or absence of plasmin (1 μg) in a final volume of 100 μl. Water and PBS served as a positive and negative control, respectively. Three microliters of washed blood cells (5% v/v) were added to each sample and the samples were incubated for 60 min at 37 ° C on rotation. After incubation, samples were centrifuged at 2,000 g and room temperature for 10 min, and the supernatants were transferred to microtiter plates. Absorbance of hemoglobin was measured at 540 nm and histone-induced hemolysis was expressed as a percentage of water-induced hemolysis.
Scanning Electronic Microscopy
Bactericidal assays were performed as described above in 10-fold volumes of 0.9% (v/v) saline solution. Histones were used at a final concentration of 0.5 μg/ml; plasminogen was added to 200 μg/ml. Bacterial pellets were washed, suspended in 0.1 M sodium phosphate buffer (pH 7.2), and completely transferred to lysine-coated plastic coverslips. Material was fixed in 2.5% (v/v) glutaraldehyde in sodium phosphate buffer for at least 24 h, then washed with sodium phosphate buffer and dehydrated in a graded ethanol series. Samples were critical-point dried, sputter-coated with gold and visualized with a MERLIN VP Compact microscope (Carl Zeiss, Jena, Germany) at the EMZ of Rostock University Medical Center.
Dot-Blot Overlay
Plasminogen was immobilized on a nitrocellulose membrane using 1.25, 2.5, 5 and 10.0 μg of protein. Unspecific binding sites were blocked by incubation with 10.0% skimmed milk in PBS supplemented with 0.05% Tween 20 (PBST) overnight at 4 ° C. After 3 washing steps with PBST, the membrane was incubated with 50 μg CTHs (in 4 ml PBST) overnight at 4 ° C. After 3 additional washing steps with PBST, the membrane was incubated with polyclonal histone-specific antibodies from goat (1: 500; Antibodies-online, Aachen, Germany) in 1.0% skimmed milk followed by incubation with horseradish peroxidase-conjugated secondary antibodies (1: 3,000). The antibody detected H1, H2A, H2B, H3 and H4 in similar intensities (data not shown). Visualization of binding signals was performed as described previously [20] .
Surface Plasmon Resonance
The interactions between plasminogen (as an analyte) and histones (as a ligand) were analyzed with a Biacore 3000 system (Biosensor, La Jolla, Calif., USA) using CM3 sensor chips at 25 ° C in PBS as running buffer. Briefly, each histone was immobilized on a flow-cell surface of the chip to densities from 890-1,200 response units using standard amine-coupling chemistry and the software tool 'Application Wizard-Surface Preparation' (Biacore 3000 instrument handbook). Each analyte-ligand complex was allowed to associate and dissociate for 2 and 5 min, respectively, with background subtraction using a flow cell that was subjected to the coupling reaction but without protein, as a reference surface. For concentration series, plasminogen was tested at 25, 50, 100, 200 or 400 n M . The ligand surface was regenerated with a 15-second injection of 0.2% SDS at the end of each binding cycle. The data from the Biacore sensorgrams were fitted globally, using the 1-step biomolecular association reaction model (1: 1 Langmuir binding with drifting base line).
Results
S. pyogenes M49 Strain Is Killed by All Classes of Histones
Compared to other antimicrobial peptides, histones kill bacteria at very low concentrations. In a first experiment, we examined the susceptibility of the S. pyogenes S. pyogenes M49 is killed by all classes of histones. Exponentially growing S. pyogenes M49 bacteria were incubated with CTH at different concentrations ( a ) or single recombinant histone types at final concentrations of 2.5 μg/ml ( b ) for 2 h at 37 ° C. Serial dilutions of the samples were plated on THY agar plates to determine CFU after incubation overnight. Survival was calculated by equating buffer-incubated bacteria with 100%. n ≥ 4. * * * p < 0.001, * * * * p < 0.0001.
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M49 serotype strain to mixed histones from calf thymus. Exponentially growing bacteria were incubated with CTH at different concentrations, ranging from 0.5 to 5.0 μg/ml ( fig. 1 a) . Survival of S. pyogenes M49 increased as the concentration of histones decreased. With 0.5 μg/ml CTH, the number of surviving bacteria was significantly decreased. All bacteria were killed at 5.0 μg/ml ( fig. 1 a) . Next, we distinguished between the 5 histone subtypes H1, H2A, H2B, H3 and H4, and tested their bactericidal activity against S. pyogenes M49 individually ( fig. 1 b) . Using histone concentrations of 2.5 μg/ml (corresponding to 0.12, 0.18, 0.18, 0.16 and 0.22 μ M for H1, H2A, H2B, H3 and H4, respectively), all subtypes decreased the survival rate of the tested strain significantly. Histones H1, H2A, H2B and H3 killed >90% of the bacteria and histone H4 killed around 50% ( fig. 1 b) . Taken together, our results show that intact histones are potent bactericidal proteins that kill S. pyogenes M49 at concentrations in the nanomolar range. 
Plasminogen activation by streptokinase triggers the degradation of all histone subtypes; 10 μg histones from calf thymus ( a ) or single recombinant histones ( b , c ) were incubated with 50 U purified streptokinase (pSK) and 1 μg plasminogen (Plg) at 37 ° C.
Incubation occurred for 4 h ( a , c ) or 1-4 h ( b ) and the histones were then subjected to SDS-PAGE and Coomassie gel staining. Histones incubated with Tris buffer or plasmin (Plm) served as negative or positive controls, respectively.
Plasminogen Activation by Streptokinase Triggers Degradation of Free Histones
It has been shown previously that CTH are cleaved by plasmin [15] . It is also well known that S. pyogenes expresses the plasminogen activator streptokinase, and exploits human plasmin activity that is a critical host pathogenicity factor for S. pyogenes infection [14] . This prompted us to investigate whether this mechanism might contribute to the streptococcal defense strategy against extracellular histones. Streptokinase and plasminogen were incubated with CTH and samples were analyzed by SDS-PAGE ( fig. 2 ). Already after 1 h, CTH were completely degraded by streptokinase and plasminogen, but not by plasminogen alone ( fig. 2 a) . Repeating the experiment with each individual histone subtype revealed that all histone subtypes were degraded by plasminogen and streptokinase within 4 h ( fig. 2 b) . A weak band, representing full-size histone H4, was still detectable after incubation with plasmin or the streptokinase-plasminogen complex ( fig. 2 b, c) . However, the intensity of this signal was lower than the control, and smaller fragments (cleavage products) became visible. This indicates that the streptokinase-plasminogen complex is able to cleave histone H4, even though the degradation process seems not as efficient as for the other histone types ( fig. 2 c) . Incubation of histones with plasmin resulted in complete degradation of mixed ( fig. 2 a) and individual histones H1, H2A, H2B and H3 ( fig. 2 c) . Streptokinase or plasminogen alone did not degrade histones ( fig. 2 c) .
Plasminogen Activation by Streptokinase Triggers Degradation of Nucleosomes
Within the human vasculature, histones circulate as nucleosomes bound to DNA. We therefore tested how susceptible nucleosomes are to plasmin-mediated degradation. When nucleosomes were incubated with plasmin, the bound histones were partially degraded, as detected by SDS-PAGE ( fig. 3 a) or agarose gel of the nucleosome-DNA ( fig. 3 b) . As depicted in figure 3 b, a downshift histones ( fig. 3 b) . When nucleosomes were incubated with plasminogen and streptokinase, the degradation of histones was markedly pronounced ( fig. 3 a) , which is also visible by a clear downshift of the nucleosome-DNA ( fig. 3 b) . Thus, the streptokinase-plasminogen complex is very potent in the degradation of free histones as well as histones bound in nucleosomes.
Plasminogen Binds to All Subclasses of Histones
It has been shown that some main plasma proteins, such as albumin or fibrinogen, are bound and precipitated by histones [21] , and the globular C1q receptor p33 has been shown to bind all classes of histones with high affinity [22] . Further on, H2B has been described as an extracellular plasminogen receptor [23] . Thus, we also performed dot-blot overlay analysis (online suppl. fig. 1a ; see www.karger.com/doi/10.1159/000448039 for all online suppl. material) and surface plasmon resonance experiments to show that plasminogen binds to all subclasses of histones (online suppl. fig. 1b-f ) with high-affinity constants ( table 1 ) . Histones H1, H3 and H4 have the strongest affinity to plasminogen with K D values in the nanomolar range ( table 1 ) .
Plasminogen Activation Is Essential for Histone Degradation by Streptococcal Supernatants
Since S. pyogenes secretes streptokinase into the environment, we investigated the capability of streptococcal culture supernatants from S. pyogenes M49 WT and its Δ ska strain to degrade CTH in the presence of human plasminogen. SDS-PAGE analyses revealed complete degradation of CTH incubated with culture supernatant from WT and plasminogen within 4 h ( fig. 4 a) . In addition, Δ ska supernatant together with plasminogen degraded CTH within 4 h, but larger cleavage products were still detectable ( fig. 4 a) . Plasminogen is essential for CTH cleavage by streptococcal culture supernatants because in the absence of this factor, CTH remained intact ( fig. 4 a) .
Moreover, activation to plasmin is necessary for the degradation process ( fig. 2 a) . Degradation of histones in Δ ska supernatant is slow and incomplete after 4 h ( fig. 4 b) , compared to the WT where a complete breakdown of the histones occurs within 1 h ( fig. 4 b) . Interestingly, it was recently shown that in the absence of streptokinase, the host plasminogen activator uPA promotes cell surface plasmin acquisition by GAS and facilitates widespread systemic infection [24] . When the host plasminogen activators uPa or tPA were added to the Δ ska supernatant, a rapid degradation of histones was detectable ( fig. 4 b) , suggesting a conversion of plasminogen to proteolytically active plasmin by exploitation of the host-derived uPA and tPA.
When a plasmin-specific inhibitor was added to the samples, CTH degradation by Δ ska supernatant was prevented ( fig. 4 c) . We therefore concluded that Δ ska supernatant generates small amounts of plasmin from its precursor, although lacking the plasminogen activator streptokinase and failing to induce plasmin activity measured by a substrate assay [18, 25] . As the plasmin inhibitor cannot interfere with the streptokinase-plasminogen/plasmin complex [26] , WT supernatant led to an efficient plasminogen-dependent degradation of CTH, even in the presence of the inhibitor ( fig. 4 c) . In addition, singlechain plasminogen -detected as a signal at 92 kDa in SDS gels -was depleted by WT supernatant but not by Δ ska supernatant or medium, nor by supernatants supplemented with the plasmin inhibitor ( fig. 4 c) . According to these results, we conclude that the generation of plasmin by streptokinase is an important factor for histone degradation by S. pyogenes culture supernatants.
Plasmin-Degraded Histones Lose Their Antimicrobial and Hemolytic Activity
Next, we investigated whether plasmin-degraded histones still exhibit antimicrobial activity against S. pyogenes . CTH or histone subtypes were preincubated with plasmin or buffer for 4 h and subsequently added to exponentially growing S. pyogenes M49 bacteria. Bacterial counts revealed that plasmin-degraded histones lost their antimicrobial activity ( fig. 5 a) . As shown before, almost all bacteria were killed when they were treated with CTH, while the survival rate increased to 92% when the CTH were pretreated with plasmin. Plasmin alone had no effect on bacterial survival ( fig. 5 a) . Preincubation of the single histone types H1, H2A, H2B and H3 with plasmin also destroyed their bactericidal properties ( fig. 5 b) . H4 could not be completely degraded by plasmin (see fig. 2 b) and so preincubation of H4 with plas- fig. 5 b) . In some experiments with plasmin-degraded histones, the survival rate exceeded 100% ( fig. 5 b) . This might be explained by the fact that histone fragments and derived amino acids could serve as nutrient source. These data show that plasmin activity is apparently able to render histones harmless to S. pyogenes . Plasminogen is essential for histone degradation by streptococcal supernatant. Supernatants from streptococcal overnight cultures in THY medium were added to histones from calf thymus (10 μg in 10 m M Tris buffer) and incubated at 37 ° C for 4 h, if not otherwise indicated. Subsequently, the samples were subjected to SDS-PAGE and Coomassie gel staining. a Supernatants from M49 WT and isogenic mutant strain, lacking the Δ ska , were tested. Histones plus THY medium or Tris buffer served as negative controls. Plasminogen was added to indicated samples (+ Plg). b Supernatants from WT or Δ ska were incubated with CTH and plasminogen. tPA or uPA were added to indicated samples, and incubated for 1-4 h. c A plasmin inhibitor (Inh) was added to the supernatants of WT and Δ ska mutant prior to histone incubation over 4 h. Inhibitor-free samples served as controls.
Extracellular histones are cytotoxic against eukaryotic cells and exert hemolytic activity against human eythrocytes [27] . In the next experiment, we tested whether plasmin could prevent histone-induced hemolysis. Compared to the positive control (100% hemolysis), CTH at concentration of 100 μg/ml induced 25% (±13.9, n = 4) hemolysis of erythrocytes. Preincubation of histones with plasmin completely prevented hemolysis, as no absorbance at 540 nm was detected (0% hemolysis). Taken together, the data show that plasmin-induced degradation of histones very efficiently prevents the hemolytic effect of histones.
Addition of Plasminogen to S. pyogenes M49 Diminishes Histone-Mediated Killing
Next, we examined whether the addition of plasminogen could protect S. pyogenes against histone-induced killing. For this, we incubated WT bacteria with human plasminogen at a concentration found in human plasma (200 μg/ml), and tested whether this approach diminishes the killing effect of histones. Indeed, the survival rates of the WT increased significantly when bacteria were allowed to bind plasminogen and were subsequently exposed to CTH ( fig. 5 c) . As described above, S. pyogenes exploits human plasminogen by activating it through its were degraded by plasmin (1 μg) at 37 ° C for 4 h, diluted by factor 20, and subsequently tested for antimicrobial activity against S. pyogenes M49 from the exponential growth phase. Bacteria were incubated with plasmin-treated histones (Plm + CTH) for 2 h at 37 ° C. Incubation with non-treated histones (CTH) served as killing control, whereas bacteria incubated in Tris buffer (ctrl.) served as survival control (100 %). Growth inhibition by Plm could be excluded. S. pyogenes M49 WT ( c ) and isogenic Δ ska mutant strain from exponential growth phase ( d ) were preincubated with plasminogen at 200 μg/ml final concentration (black bars) or equal volumes of Tris buffer (white bars) for 15 min at room temperature. Thereafter, bacteria were washed and CTH were added to different concentrations. After incubation (2 h at 37 ° C), bacterial counts were determined and referred to results obtained with bacteria incubated in Tris buffer. * p < 0.05, * * p < 0.01, * * * p < 0.001. n. s. = Not significant. virulence factor streptokinase. We considered whether plasminogen was also beneficial for the histone-treated Δ ska mutant. The results indicate that the presence of plasminogen also protects Δ ska mutant bacteria against CTH killing, even though the data have high standard deviations and differences are not statistically significant in contrast to the WT ( fig. 5 d) . Since the Δ ska mutant is not impaired in its ability to bind plasminogen [18] , it could be speculated that binding alone has a protecting effect against killing by histones. As we assume that small amounts of plasminogen become activated by Δ ska mutant bacteria, plasmin activity was blocked by the specific plasmin inhibitor before the addition of histones. This treatment did not improve histone-induced killing of the Δ ska bacteria (data not shown), but it supports the assumption that plasminogen-binding itself has some protecting effect against histones. Scanning electron microscopy was performed to visualize CTH-killed bacteria. Figure 6 a shows intact bacteria, which were incubated in buffer containing plasminogen. Figure 6 b depicts that treatment with CTH caused a killing of the WT and the Δ ska mutant, as visualized by a disturbed bacterial cell wall and the efflux of cytosolic components. In contrast, if plasminogen was added before CTH incubation, the bacteria remained practically unaffected ( fig. 6 c) . Taken together, our findings clearly show that the presence of plasminogen is beneficial for S. pyogenes , diminishing the bactericidal activity of extracellular histones.
Addition of Plasma or Human Albumin Protects against Histone-Mediated Killing
As plasminogen protects S. pyogenes against histones, we tested whether the addition of plasma or human albumin has the same effect. Bacteria from the exponential growth phase were exposed to buffer supplemented with 20% human normal plasma, plasminogen-depleted plasma or human albumin. After removing unbound proteins, CTH were added to a final concentration of 5 μg/ ml. Adding either human plasma or albumin improved survival significantly ( fig. 7 ) . Again, bacterial counts from killing were related to control samples with and without plasma, in order to cover a possible effect on proliferation. Comparing plasminogen-deficient with normal human plasma, no differences were observed. Thus, other plasma components such as albumin also protect S. pyogenes against antimicrobial histones.
Discussion
The role of extracellular histones in an innate immune mechanism has recently been supported by several studies, especially dealing with their function in NETs. However, extracellular histones are not only abundant in NETs. Certain types have been isolated from the skin or mucous membranes, i.e. the first barriers that pathogenic bacteria encounter during pathogenesis [8, 28, 29] . It was recently shown that the local release of extracellular histones triggers the recruitment of immune cells to the site of infection [30] . Moreover, histones exert antimicrobial activity against many microbes and at very low concentrations, compared to other cationic antimicrobial peptides [4, 31, 32] . This could be confirmed in our study by testing the susceptibility of the S. pyogenes M49 strain against CTH. CTH contain the core histones H2A, H2B, H3, H4 and subtypes of the linker histone H1. We found that all histone types at final concentrations of 2.5 μg/ml, except histone H4, revealed equal potency as antimicrobial agents against S. pyogenes M49. Similar concentrations of histone H2A have been previously demonstrated to significantly kill Staphylococcus aureus [5] . Of note, a 10-fold concentration of recombinant histone H4 was needed to induce a significant killing of S. aureus strain in another study [8] . This underlines our observation that histone H4 killed only around 50% of the streptococci in our assays, com- *** *** *** Fig. 7 . Incubation of bacteria with human plasma or albumin improves bacterial survival for histones. Human normal or plasminogen-deficient (Plg-def.) plasma (20%, v/v), or albumin (35 mg/ ml) was added to S. pyogenes M49 WT. After incubation, unbound plasma proteins were removed and CTH added to a final concentration of 5 μg/ml. As a control, bacteria were incubated in 10 m M Tris buffer only (control 100%) or in Tris buffer and CTH. n = 4. * * * p < 0.001. pared to nearly 100% killing rates achieved with the other histone types. Since S. pyogenes expresses a set of plasminogen receptors [33] , the recruitment of the zymogen to the bacterial surface might be an actual strategy by the receptors to protect themselves from killing by bactericidal histones. Interestingly, our M49 strain and the GAS strains, which are associated primarily with skin infections, bind plasminogen directly and with high affinity [18, 34] . It has been suggested that the plasminogen-binding capacity may be important for the persistence of such GAS strains in skin infection [35] . Indeed, we could show that M49 survival from histone treatment was increased when bacteria were preincubated with plasminogen. However, plasma provides a number of other proteins that were identified as interacting with extracellular histones, implicating cytoprotection [21] . It was not only plasminogen that protects the streptococci from killing by histones, as the preincubation with plasminogen-deficient plasma also diminished the bactericidal activity of histones. Since S. pyogenes binds various plasma proteins such as albumin or fibrinogen [36] , this result was not unexpected. In 1958, Hirsch [4] could not observe a significant growth inhibition of bacteria when he incubated a strain of GAS with 25 μg/ml of the arginine-rich fraction of CTH; the buffer system used was supplemented with albumin. This abundant plasma protein was recently shown to bind extracellular histones, thereby inhibiting histone-induced platelet aggregation [37] . Here, we show that physiological concentrations of albumin also abolish the antimicrobial effects of histones in our assay. This supports earlier findings, showing that the bacteria are no longer dependent on human plasminogen function for virulence, when they have entered the bloodstream [14] . Thus, activation of plasminogen by GAS at the site of infection may be an important strategy to defend histone killing.
Some time ago, it was described by Harvima et al. [15] that the active serine protease plasmin is able to degrade histones. Plasmin in complex with streptokinase cannot be blocked by naturally occurring inhibitors [26] , and thus considerable protease activity can be created very rapidly. In fact, we could confirm that not only plasmin but also streptokinase-activated plasminogen leads to an efficient degradation of all histone subtypes in vitro. Moreover, the degradation of histones that are bound in nucleosomes was more pronounced by streptokinase/ plasminogen than by plasmin, supporting the rapid and unresisted protease activity of the plasminogen-streptokinase complex. We found that the resulting cleavage products of the formerly bactericidal histones did not kill S. pyogenes M49 any longer. In this context, completely degraded histones might provide an additional nutrient source for the bacteria. Although H4 bound plasminogen with high affinity, it was not completely degraded by plasmin or the streptokinase/plasminogen complex within 4 h. Both intact as well as fragmented histone H4 might be responsible for the observed antibacterial activity against the pathogen. Beyond that, CTH were rapidly degraded by culture supernatants from the streptokinaseproducing WT strain, if plasminogen was present. Surprisingly, supernatants from Δ ska also induced histone degradation in the presence of plasminogen, but, compared to the WT, such degradation was slow and incomplete. In addition to surface-located plasminogen receptors, GAS bacteria secrete the glycolytic pathway enzymes, α-enolase [38] and GAPDH/Plr/SDH [39] which display plasminogen-binding abilities. No plasmin activity can be detected after the binding of GAS α-enolase to plasminogen by a substrate assay [38] . However, for us, it is conceivable that plasminogen-binding by enolase or other GAS proteins [40] may promote a weak activation of plasminogen that is not detectable by a substrate-assay, but is visible by histone degradation. At this point, we exclude an autoactivation of plasminogen, as there is no degradation of histones detectable if they were incubated with plasminogen in the absence of bacterial proteins (see fig. 4 a) . Thus, secreted GAS-proteins that bind to plasminogen may be responsible for low plasmin activity.
Our experiments show that the degradation of extracellular histones by surface-bound plasmin or complexes of secreted streptokinase and plasmin(ogen) likely contribute to the evasion of S. pyogenes from this host innate immune mechanism. This assumption is underlined by reports of Hollands et al. [41] and Ly et al. [42] , describing that plasminogen acquisition protects S. pyogenes from killing by other antimicrobials, such as cathelicidin LL-37 and complement factor C3b.
Taken together, our results proved that neutralization of histones by bacterial plasminogen binding as well as proteolytic degradation by plasmin might be relevant processes to escape from this innate immune mechanism.
